All chemicals were of analytical reagent grade. Glassdistilled water was used throughout. Stock solution metal concentrations were estimated by titrimetry [29] 
Introduction
The addition of surfactants or water soluble polymers to solutions of organic reagents or their immobilization changes their properties [1] [2] [3] [4] [5] [6] [7] [8] [9] . Optically transparent polymers such as polymethacrylate [10] , triacetylcellulose [11], ethylcellulose [10] , and hardened gelatin fixed on a transparent support have received attention [8, [13] [14] [15] [16] . Sensor devices based on them can be used in photometric determinations to simplify analysis. The complexation of 4-(2-pyridylazo)resorcinol with Co 2+ , Cu 2+ , Cd 2+ , Zn 2+ , Pb 2+ , and Ni 2+ [17] ; of arsenazo III and arsenazo B with La (III), Th (IV), U (VI), and Ca (II) [14] ; of nichromazo with Ва 2+ [18] ; and azo dye formation [13, 19] have been investigated in the transparent gel layer of commercial photographic films.
The immobilization of 1-nitroso-2-naphthol-3,6-disulfonic acid disodium salt (nitroso-R-salt, NRS) in hardened gelatin and its complexation with metal ions in the film are of interest. Gelatin's hydrophilic behavior, its effects on acid-base and complexation properties, and the predominance of electrostatic interactions with the ligands and complexes must be considered when developing such sensors [8, 17] [20] . It is most often used for cobalt (II) [21, 22] and palladium (II) [23, 24] determination, although others have been suggested [7, 22, [25] [26] [27] [28] . In the present work NRS complexation with Сo 2+ , Fe 3+ , Cu 2+ and Ni 2+ in hardened gelatin of photographic film was examined to develop indicator films for the control of these metals in aqueous media.
Photometric determination of aqueous Со(II), Cu(II), Ni(II) and Fe(ІІІ) was performed using indicator films prepared by immobilization of 1-nitroso-2-naphthol-3,6-disulfonic acid disodium salt (NRS) into hardened photographic film. Immobilization was based on electrostatic interaction of reagent and metal complexes with the gelatin. The isoelectric point pH of hardened gelatin (4.46±0.04) was evaluated by viscometry. Со(II), Fe(III), Ni(II) form 1:3 complexes with NRS in gelatin at pH 2 and Сu(II) forms 1:2 complexes. Their log β ' values were: . The absorption maxima were: 370 nm for NRS, and 430 nm, 470 nm, 495 nm and 720 nm for complexes of Сo(II), Ni(II), Cu(II) and Fe(III). An algorithm for their simultaneous determination using the indicator films was developed. The detection limits were: с lim (Со
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Reagents, Kharkiv, Ukraine), xylenol orange (Shostka Chemical Plant, Ukraine), 4-(2-pyridylazo)resorcinol (Reanal, Hungary) were prepared by dissolution of exactly weighed amounts in water. o-phenanthroline (Merck) was dissolved in 95.6% ethanol. All working solutions were prepared by dilution of stock solution. Acetic acid, sodium acetate, and HCl were used to adjust the pH. pH 2 was produced by HCl solutions, pH 3.5-6 by acetate buffers. Colorless and transparent AGFA photographic films for offset printing (~20 µm gelatin layer on transparent triacetylcellulose [30]) were used. The silver halides were completely removed from the films using developer G 101 c (containing hydroquinone CAS#123-31-9) and rapid fixer G 333 c from Agfa Graphics NV (Belgium).
Apparatus
Solution and gelatin film absorption spectra were measured using a KFK-3 apparatus. A Cu 2+ -selective chalcogenide solid phase electrode was used to determine residual solution Cu 2+ concentration. The measurements were performed in a compensated cell with liquid junction (sat. aq. KCl) and an Ag/AgCl reference electrode at 25.0 ± 0.1 о С. The reproducibility was ±0.3 mV or less.
A Nikon Digital Eclipse Ti-E inverted optical microscope was used to examine the gelatin film surface and the distribution of colored reagents in the film. The gelatin solution relative viscosities were measured using a VPZh-4 (Russia) Ostwald viscometer with a capillary diameter of 0.56 mm.
Procedure

Immobilization of NRS in gelatin film
NRS was immobilized in the gelatin by immersing 2.5×3.5 cm film samples into 1.5×10 -3 M NRS for 20 min. The yellow films were dried in air and kept at room temperature. After a 20 minute soak in metal salt solutions these films changed color: to red-brown with Со 2+ , green with Fe 3+ , and yellow-brown with Ni 2+ or Cu 2+ .
The film absorbance was measured immediately. Absorbances of the films with NRS were measured vs. colorless film and absorbances of the films with metal complexes vs. the film with NRS.
Determination of isoelectric point of hardened gelatin
The isoelectric pH of the hardened gelatin was estimated by viscometry. The film was dipped in warm distilled water and the gelatin layer was mechanically removed. The viscometer flow time was measured for 10 mL of water and the 0.3% gelatin solutions and the relative viscosity was calculated:
,
where t 0 and t i are the flow times of water and gelatin solution. The pH corresponding to the minimum value of η rel , was found.
Complex stoichiometry in the film
The mole ratio method was used to determine the complex stoichiometry 3+ . The solutions were placed in a Petri dish and 8-10 films with immobilized reagent were immersed in each for 20 minutes. The films were dried in air. Their absorbances were measured at the complex's wavelength of maximum absorption (λ max : Fig. 2 , Table 2 ).
The residual NRS concentration was determined photometrically using its absorbance at λ max =370 nm.
The total concentration of the reagent in the film c( ) R was determined from the decreased NRS in solution.
The NRS molarity in the gel was calculated by:
where с 1 (R) and с 2 (R) are the NRS concentrations before and after film immersion; V g is the volume of gelatin, calculated from the film size; k is the number of film samples (20-25); V=25 mL -the solution volume.
The total metal concentration in the gel c( ) M was calculated by:
where с 1 (М) and с 2 (М) are the solution metal concentrations before and after immersion. The residual Со 2+ concentration was determined spectrophotometrically with 4-(2-pyridylazo)resorcinol at pH 5; Ni 2+ with xylenol orange at pH 6; Fe 3+ with o-phenanthroline and hydroxylamine hydrochloride at pH 3.5; the Cu 2+ concentration was determined by potentiometry. The reagents were added to the metal solutions after film removal. is the unbound reagent concentration in the gel:
Results and discussion
Isoelectric point pH
Gelatin is a polydisperse mixture of low-molecular weight polypeptides. It is a typical ampholyte: although electrically neutral, in solution it exists as zwitter-ions and is extensively charged. Positive charges on the protonated groups are neutralized by negative charges of the dissociated carboxylate groups at the isoelectric point. The net charge is positive at рН < pI and negative at рН >pI. pI is 4.8 to 5.1 for alkaline gelatin. pI values for the hardened gelatin used in commercial films are absent from the literature.
The pH dependence of the relative viscosity of solutions prepared from photographic film gelatin is shown in Fig. 1 . The experiment was repeated three times; рI = 4.46±0.04. This value for hydrated hardened gelatin gel is slightly below the range for aqueous solutions of alkaline gelatin.
Immobilization of NRS and its complexes in gelatin film
The 20 minutes required for NRS and metal ions to equilibrate into the film was determined by measuring the absorbance vs. immersion time.
Complex formation changed the film color from yellow to red-brown with Со 2+ , to green with Fe 3+ , and to yellow-brown with Ni 2+ or Cu 2+ . Uniformity of the film surface as well as NRS and complex distributions were confirmed by microscopy at 60X.
The anionic forms of NRS and complexes must be embedded at pH < pI (where the gelatin net charge is positive). The first two dissociations of nitroso-R-salt (H 3 R) occur at pH < 1, the form HR 2-predominates at 1 < pH < 7.5 [20]. Stable 1 : 1, 1 : 2 or 1 : 3 metal complexes form at рН ~ 6 [20, 3, 33] . The cobalt (II) complex is oxidized to cobalt (III) and the resulting 1: 3 complex is very stable and kinetically inert [20, 33] . Nickel (II) behaves analogously.
Maximum reagent extraction and complex yields occur at рН ~ 2. The addition of poly(ethylenimine), quaternized poly(ethylenimine) or the cationic surfactant Photometric determination of aqueous cobalt (II), nickel (II), copper (II) and iron (III) with 1-nitroso-2-naphthol-3, 6-disulfonic acid disodium salt in gelatin films poly-4-vinyl-(N-bezyltrimethyl) ammonium chloride to films containing Co(II) complex had little effect and gave maximum complex color at pH 2. The reagent and complexes' absorption maxima were nearly identical in solution and gel (Fig. 2: λ max =370 nm for NRS, λ max =430 nm, 470 nm, 495 nm and 720 nm for complexes of Сo(II), Ni(II), Cu(II) and Fe(III)), probably because the gel is highly aqueous [14] . With increasing Fe(III) concentration a second peak appears at λ ~ 490-495 nm (Fig. 2) . If a film with reagent is immersed in a solution containing all four metals, its spectrum will have two maxima at 490 and 720 nm.
The similarity of the complexes' spectra in solution and in the gel suggests their compositions are identical [34, 35] , but unambiguous conclusions require further research.
Complexation of NRS with Co(II), Cu(II), Ni(II) and Fe(III) in the gel
To determine the complex compositions in the gel the absorbance dependence on total metal concentration in the NRS-containing gel were obtained. Examples for iron(III) and copper(II) are shown in Fig. 3 . 1:2 complexes with copper and 1:3 for cobalt, nickel and iron are most stable in gelatin gel at pH 2. These stoichiometries confirm that the complexes contain Cu(II), Co(III), Ni(III) and Fe(III). The overall stability constants were computed from the results of three series of measurements. New solutions and test samples were prepared for each series. The constants were calculated according to Eq. 4 using 4-5 points on the sloping part of the curve ( Table 1) .
Metal complexes in a gelatin matrix have significantly smaller stability constants than in aqueous solution [17] . However, comparison of the numerical values in water with those evaluated at pH 2 in the heterogeneous water -gelatin film system is inappropriate.
Metals determination
For all systems the film absorbance is proportional to the solution metal concentration. The linear ranges and detection limits (IUPAC [36] ) are given in Table 2 .
The detection limits are comparable to other research. The detection limit of Со(ІІ) with NRS fixed on 2-(500).
In the presence of Со(II), Cu(II), and Ni(II) the determination of iron(III) is possible without masking or separation because only the Fe(III) complex absorbs in the long-wavelength region (Fig. 2) . Thus, the content of iron (III) in tap water was determined to be 0.32±0.07 mg L -1 (n=3, P=0.95). For comparison, a photometric determination with phenanthroline gave 0.28±0.03 mg L -1 (n=3, P=0.95). This demonstrates the absence of systematic error in the proposed technique; Fe(III) in aqueous media can be controlled with indicator films.
If the Fe(III) content is determined as above, the concentrations of Со(II), Cu(II) and Ni(II) can be determined using the following algorithm:
1. The film absorbance is measured at λ=490 nm, corresponding to the maximum summarized absorbance of the complexes:
where , , , are the sensitivity coefficients for Cu(II), Со(II), Ni(II) and Fe(ІІІ) at λ=490 nm.
2. In a separate aliquot at pH 2 Fe(ІІІ) and Cu(II) are masked by 5×10 -4 M NaF and 1×10 -4 M thiourea. Films are immersed, dried and their absorbance measured at 430 and 470 nm, corresponding to the cobalt and nickel absorption maxima. The metal concentrations are calculated from:
where , , , are the sensitivity coefficients for Cu(II) and Ni(II) at λ=430 nm and λ=470 nm.
3. The Cu(II) content is calculated by rearranging Eq. 6: Photometric determination of aqueous cobalt (II), nickel (II), copper (II) and iron (III) with 1-nitroso-2-naphthol-3, 6-disulfonic acid disodium salt in gelatin films
Analysis of a test solution containing equal metals concentrations gave the results in Table 3 . The copper (II) concentration standard deviation is largest because it depends on the uncertainties in the other metal concentrations.
The indicator films were applied to determine the metals concentration in acidic solution in contact with food dishes [37] . Samples of enamel ware and tableware made of blue glass were filled with 4% acetic acid and left for a day. Solutions were decanted, concentrated 20-fold by evaporation and analyzed using both photometry with indicator films and atomic absorption spectroscopy.
The results are in Table 4 . Even after 20-fold concentration the concentrations of Со(II), Cu(II) and Ni(II) were below the film's limit of detection. The Fe(III) results do not differ statistically.
Conclusions
Indicator films based on hardened gelatin film can be used for photometric determination of Со(II), Cu(II), Ni(II) and Fe(ІІІ) in waters. The mechanical strength of gelatin films, the reagent stability in gelatin, and the stability of the absorbance for more than a year allow standard film samples to be used repeatedly for calibration curves, avoiding re-preparing the calibration solutions. 
